Facilitators are oligonucleotides capable of affecting hammerhead ribozyme activity by interacting with the substrate at the termini of the ribozyme. Facilitator effects were determined in vitro using a system consisting of a ribozyme with 7 nucleotides in every stem sequence and two substrates with inverted facilitator binding sequences. The effects of 9mer and 12mer RNA as well as DNA facilitators which bind either adjacent to the 3′-or 5′-end of the ribozyme were investigated. A kinetic model was developed which allows determination of the apparent dissociation constant of the ribozyme-substrate complex from single turnover reactions. We observed a decreased dissociation constant of the ribozyme-substrate complex due to facilitator addition corresponding to an additional stabilization energy of ∆∆G = -1.7 kcal/mol with 3′-end facilitators. The cleavage rate constant was increased by 3′-end facilitators and decreased by 5′-end facilitators. Values for K m were slightly lowered by all facilitators and k cat was increased by 3′-end facilitators and decreased by 5′-end facilitators in our system. Generally the facilitator effects increased with the length of the facilitators and RNA provided greater effects than DNA of the same sequence. Results suggest facilitator influences on several steps of the hammerhead reaction, substrate association, cleavage and dissociation of products. Moreover, these effects are dependent in different manners on ribozyme and substrate concentration. This leads to the conclusion that there is a concentration dependence whether activation or inhibition is caused by facilitators. Conclusions are drawn with regard to the design of hammerhead ribozyme facilitator sytems.
INTRODUCTION
Hammerhead ribozymes are catalytic RNA molecules (1) . They are able to cleave substrate RNA in trans in a sequence-specific way, thereby directing interest to their application in RNA inactivation in vivo (2) .
The hammerhead ribozyme combines specific sequence recognition and potential catalytic activity (3) with minimal sequence requirement for the cleavage site (2) (3) (4) (5) . Thus it is possible to design hammerheads against almost any target RNA (2) .
The specific substrate recognition occurs via Watson-Crick base pairs between the ribozyme stem sequences in helices I and III ( Fig. 1 ) and the substrate. Length and base composition of the stem sequences affect catalytic turnover and binding efficiency, i.e. stability of the complex formed between ribozyme and substrate (6) .
Experiments under physiological conditions, as well as theoretical considerations (7) suggest that 10-16 nucleotides (nt) in the stem sequences are required for catalytic turnover, depending on the base composition (6) (7) (8) (9) (10) . Most of these investigations were with substrate RNA of <60 nt in length. However, high molecular weight, highly structured target RNAs are better cleaved by ribozymes with longer stem sequences (11) , while dissociation of the cleavage products is strongly decreased with such hammerheads (11, 12) . This causes a decrease in catalytic turnover. In comparison with simple, non-catalytic antisense RNA these hammerheads have only the advantage of cleavage-mediated irreversible target inhibition (13) .
These opposing facts prevent the design of hammerhead ribozymes showing high catalytic activity combined with an effective antisense inhibition. Currently there are two ways to overcome this problem. First, the addition of non-specific nucleic acid binding proteins (Ncp7 and A1) increases the catalytic turnover due to their annealing activity (14) (15) (16) (17) . Second, the addition of oligonucleotides capable of interacting with the substrate RNA adjacent to the 5′-or 3′-end of the ribozyme, so-called facilitators, was found to enhance turnover of hammerhead ribozymes (18) (19) (20) . Thus facilitators have potential for a sequence-specific improvement of the activity of hammerheads directed against RNAs of chemotherapeutic interest. Few results dealing with the facilitator effect have been published until now (18) (19) (20) . These results suggest a complex mechanism of facilitator action and, unfortunately, no proper kinetic data is available to explain the observed facilitator effects. However, an understanding of the process of facilitator action is a prerequisite for appropriate design of these effectors. In addition to this, only facilitators binding adjacent to the 3′-end of a ribozyme have been tested. We have therefore investigated the influence of 5′ facilitators on the hammerhead ribozyme and compared the data with the values for 3′ facilitators in order to establish the best position of the facilitators with regard to the ribozyme.
This should provide a detailed understanding of the complex mechanism of facilitator influence and provide information (27) . In the IFB substrate the stem sequences are identical with the stem sequences in the HTF substrate, but the facilitator binding sequences are switched, i.e. the facilitators capable of binding adjacent to the ribozyme 3′-end at the HTF substrate bind adjacent to the ribozyme 5′-end at the IFB substrate. The cleavage sites are indicated by an arrow. The bold type represents the conserved bases within the catalytic core of the ribozyme. Numbering of the helices is according to Hertel et al. (40) . (b) Simplified kinetic scheme of the hammerhead reaction.
useful for designing facilitator-ribozyme systems as potential RNA inactivators.
MATERIALS AND METHODS

Synthesis and labelling
All DNA and RNA oligonucleotides were synthesized on an automated Applied Biosystems 392 DNA/RNA synthesizer using phosphoramidite chemistry (21) (FODamidites from ABI). Facilitator DNA and RNA oligonucleotides were synthesized with 5′-end dimethoxytrityl groups (DMTR-on); substrate and ribozyme RNAs were synthesized without 5′-end dimethoxytrityl groups (DMTR-off). DNAs were automatically cleaved from the support (30% ammonium hydroxide); RNAs were manually cleaved (30% ammonium hydroxide:ethanol, 3:1) over 12 h at room temperature. Base deprotection occurred for DNA at 55_C in 30% ammonium hydroxide for 8 h and for RNA at 55_C in 30% ammonium hydroxide:ethanol, 3:1 for 4 h. The RNA 2′-O-t-butyldimethylsilyl group was cleaved with 1 M tetrabutylammonium fluoride (TBAF) in THF (Aldrich) for 24 h at room temperature (22) .
Facilitator DNA and RNA were purified by RP-HPLC using a gradient of 5-60% acetonitrile in 0.1 M triethylammonium acetate, a C-18 column (nucleosil 100, C-18, 5 µm, 250 × 4 mm) and a flow rate of 0.8 ml/min (22) (23) (24) . Main product fractions were collected and the DMTR group was cleaved with 70% acetic acid. The purified completely deprotected oligonucleotides were precipitated with ethanol. Substrate and ribozyme RNAs were purified by denaturing PAGE (20% polyacrylamide-7 M urea, 40 V/cm). Product bands were visualized by UV shadowing, cut out and eluted (0.5 M ammonium acetate, 1 mM EDTA) (22) . Eluates were further purified on Sephadex. Finally, the oligonucleotides were precipitated with ethanol. Absorbances were measured at 260 nm and concentrations were calculated according to Borer (26) .
The homogeneity of the purified oligonucleotides was determined following γ-32 P labelling and separation by denaturing PAGE, followed by quantification of the runs.
Labelling of the substrates followed standard protocols with [γ-32 P]ATP (3000 Ci/mmol, Amersham) and T4 polynucleotide kinase (Stratagene) for 30 min at 37_C. The reaction was stopped by ethanol precipitation of the oligonucleotide. The labelled RNA was purified by denaturing PAGE. Product bands were visualized by autoradiography, cut out using the film as a template and eluted. Finally, the labelled RNA was purified on Sephadex NAP-5 and precipitated with ethanol.
Ribozyme reactions
The ribozyme reactions were performed in 22 µl 50 mM Tris-HCl buffer, pH 7.5, with 10 mM MgCl 2 at 37_C.
For multiple turnover reactions without preannealing ribozyme and substrate with facilitators were denatured separately at 90_C for 1 min and cooled slowly to 37_C. MgCl 2 was added to the substrate and ribozyme in the appropriate concentrations. Reactions were started by combining the substrate and ribozyme solutions. Ribozyme concentration was 35 nM and substrate concentrations were between 200 and 1100 nM. Aliquots of 2 µl were taken at appropriate times and added to 10 µl ice-cold quenching buffer (8 M urea, 50 mM EDTA, 7.5% glycerine, 0.05% bromophenol blue, 0.05% xylene cyanoblue) (25) .
For single and multiple turnover reactions with preannealing ribozyme and substrate were denatured together in Tris-HCl buffer and cooled slowly to reaction temperature. Facilitators were added and the reaction was started by addition of MgCl 2 . Aliquots were taken as indicated above. In single turnover reactions the substrate concentration was 12 or 25 nM and ribozyme concentrations varied between 35 and 2500 nM. Addition of the facilitator before or after denaturation caused no difference in the determinations.
Substrate and product were separated on denaturing PAGE and quantified with a Molecular Dynamics PhosphorImager. Non-linear regressions were calculated using Enzfitter software (Biosoft).
RESULTS
Choice of the sequences and determination of kinetic parameters
We designed the hammerhead ribozyme with 7 nt in every stem complementary to human tissue factor (HTF) mRNA between bases 1479 and 1493 ( Fig. 1; 27 ). In the HTF substrate the potential facilitator binding sequences upstream and downstream are consistent with HTF mRNA. In order to exclude the influence of sequence-dependent differences in stability of the hybrids formed between substrates and 3′-or 5′-end facilitators respectively we synthesized another substrate containing the same stem sequences as the HTF substrate but with inverted facilitator binding sequences (IFB substrate) with respect to the HTF substrate ( Fig. 1) , i.e. facilitators capable of binding adjacent to the 3′-end of the ribozyme on the HTF substrate bind the IFB substrate adjacent to the 5′-end. By investigating these two substrates direct interaction of the facilitators with the catalytic core of the ribozyme could also be ruled out.
Seven nucleotides in every stem in an A/U-rich region should largely fulfil the requirements of the statistical considerations regarding hammerhead specifity (7) . Furthermore, this should minimize the possibility of the substrates forming stable secondary structures. Examination of the sequences with the RNAFold program (28) yielded no stable secondary structures with either substrate.
Multiple turnover reactions as well as single turnover reactions without facilitators were slightly, but significantly, more efficient with the HTF substrate than with the IFB substrate. This is the result of a slightly higher k cat /K m and a 2-fold higher cleavage rate constant k 2 with the HTF substrate ( Table 1) . When we performed single turnover reactions with preannealing of substrate and ribozyme drastic differences from the expected first order reaction, especially at low concentrations, were observed (Fig. 2) . This could be caused by an equilibrium state where not all the substrate is present in the complex with the ribozyme. By assuming that equilibrium is reached within the preannealing time and that the subsequent formation of a hybrid between the released ribozyme and the new substrate after cleavage can be neglected one can describe the resulting curve with a simple mathematical equation (Appendix). Thus it is possible to determine the cleavage rate constant k 2 and an observed dissociation constant K d* of the ribozyme-substrate complex, either from the time course of the single turnover reaction at a constant ribozyme concentration (Fig. 2) or from the amount of product formed at a constant time with increasing ribozyme concentration (Fig. 3) , by a non-linear least squares fit. The latter method provides more accurate results, because the model fits more exactly at short reaction times. The calculated k 2 is identical to the values obtained with an excess of ribozyme over substrate, where all the substrate is present in the ribozyme-substrate complex and the reaction is first order (data not shown).
Facilitator effects
The influence of facilitators on ribozyme activity results from hybridization between facilitator and substrate. RNA facilitators caused higher activation or inhibition respectively than DNA facilitators of the same sequence and 12mer facilitators caused larger effects than 9mer facilitators (Fig. 4 and Table 1 ). The absolute facilitator effects increased with theoretical stability of the facilitator-substrate hybrids. However, the profile of the relative effects dependence on the concentration ratio of facilitator and substrate do not reflect the theoretically calculated stabilities of these hybrids (30) . The maximal effect was detected with all facilitators at a 1:1 ratio of substrate and facilitator. These differences in the obtained profiles and the calculated stabilities may be the result of stabilization of these facilitatorsubstrate hybrids by the ribozyme (31) .
No effect was observed with the facilitator DNA 5/9-HTF (Fig. 4) . This facilitator obviously does not form a stable hybrid with the substrate at the concentrations used.
The facilitator-substrate hybrid stability does not determine whether a facilitator acts as an inhibitor or an activator (Fig. 2-4 and Table 1 ). This is also evident from the results obtained with the IFB substrate ( Table 1) . Only the position of the facilitator with regard to the ribozyme determines whether activation or inhibition occurs.
The 3′-end facilitators activated the ribozyme at all concentrations for both substrates under multiple and single turnover conditions. The activating effect under single turnover conditions results from an increased k 2 and a decreased K d* ( Table 1 ). The reduction in K d* can be correlated with additional stability of the ribozyme-substrate complex of ∆∆G = -1.7 kcal/mol, obtained from ∆G = -RTlnK d* . Activation under multiple turnover conditions is the result of an increased k cat and a slightly decreased K m (Table 1) .
In multiple turnover reactions with only a small excess of substrate over the ribozyme, where the first turnover is easy to distinguish (35) , the shape of the curve obtained with facilitator differs from the reaction without facilitator (Fig. 5) . The reaction without facilitator displays a biphasic shape with a bend after the first turnover when substrate and ribozyme were preannealed (Fig. 5A) . Without preannealing no biphasic shape was observed (Fig. 5B ). This suggests a rate limiting association step in multiple turnover reactions without facilitator. The profile of the curve obtained with the 3′-end facilitator did not show a biphasic character either with or without preannealing. Thus the rate limiting step in multiple turnover reactions changes from the association step without facilitator to the cleavage step with 3′-end facilitator. This seems reasonable, because k cat is almost the same as k 2 with 3′-end facilitators (Table 1 ). Under single turnover conditions the effect of 5′-end facilitators is dependent on the concentrations of substrate and ribozyme. At low ribozyme concentrations 5′-end facilitators activate, at higher concentrations the effect changes to inhibition (Figs 2 and 3) . This is the result of a decreased K d* and a decreased k 2 (Table 1) . At low concentrations the slower cleavage step is outweighed by a greater amount of ribozyme-substrate complex due to the decreased K d* , compared with reactions without facilitator. This leads to activation. With increasing ribozyme concentration the differences in the amount of ribozyme-substrate complex between reactions with and without 5′-end facilitator become smaller. Due to the slower cleavage inhibition occurs.
Under multiple turnover conditions the 5′-end facilitators inhibited the reaction at all concentrations. They caused a decreased K m and also a decreased k cat . The profiles of the curve obtained with a small excess of substrate shows a biphasic shape with preannealing as well as without preannealing (Fig. 5) . Consequently, the rate limiting step of the multiple turnover reaction occurs after the cleavage step and must be product dissociation with 5′-end facilitators.
When the 9mer facilitators bind to IFB substrate a gap of 3 nt between the facilitator and the ribozyme results and no effect outside the error limits was observed (data not shown), which is consistent with the earlier results of Goodchild (18) .
DISCUSSION
It has previously been reported that antisense and triple helixforming oligonucleotides show synergistic cooperativity during hybridization (31, 36, 37) . This is assumed to result mainly from stacking interactions of the terminal bases of the adjacent binding sequences, which leads to a greater stability of the complex (31) . However, the mechanism of facilitators, binding adjacent to a hammerhead ribozyme, seems to be more complicated than resulting only from this stabilization. The influence of the facilitator on the cleavage step especially, which can be determined under single turnover reactions, is unlikely to be an outcome of stabilization of the ribozyme-substrate complex. Goodchild (18) and Nesbitt and Goodchild (20) did not find any effect on the cleavage step under single turnover conditions. On the other hand, Denman (19) determined an enhanced k 2 . Facilitators also affect the chemical cleavage step in our system. This effect is dependent on the position of the facilitator. The differences in the observations of k 2 of the three groups seems to be the result of differences in the stem sequences of the ribozyme or of the substrate sequences outside the stem regions.
Our results indicate that an increase in substrate association by 3′-end as well as by 5′-end facilitators is due to a decreased dissociation constant of the ribozyme-substrate complex. This is very likely the outcome of stabilization due to stacking of the terminal bases of the ribozyme and the facilitator. The stabilization energy, resulting in a K d* reduction, is in the range of energy gain of a stacking interaction (29) of one additional base pair. Thus the facilitator has a great activating potential when association is critical for the overall reaction. This is consistent with the findings of Nesbitt and Goodchild (20) . Because terminal base stacking should always provide a constant amount of energy, the relative facilitator effect becomes smaller with increasing stability of the ribozyme-substrate complex, i.e. the longer the stems and the more G/C within the stems of the ribozyme the smaller is the facilitator effect on association. On the other hand, as follows from equation 5 in the Appendix, when the reactions occur at concentrations much lower than the dissociation constant of the ribozyme-substrate complex activation should increase by an amount which is determined by the relative differences in the dissociation constants with and without facilitator. Thus a small reduction in the dissociation constant by a facilitator could lead to a considerable improvement in association at very low concentrations.
Similar to the effect on association is the influence of facilitators on product dissociation from the ribozyme. The hammerheadproduct complex is also stabilized due to adjacent binding of the facilitator. When this stabilization reaches a critical value, which is dependent on the concentration and stability of the hammerheadproduct complex, the multiple turnover reaction is inhibited. In our system helix I is more stable than helix III by ∆∆G = -2.4 kcal/mol (30) . Due to the additional stabilization energy of the facilitator due to terminal base stacking, helix I is probably stabilized by a value such that dissociation of this product is decreased. Thus inhibition occurs with the 5′-end facilitators. This emphasizes the importance of helix stability for a facilitator effect. Stabilization of the ribozyme-product complex by 3′-end facilitators was obviously insufficient to have an effect on product release.
However, the dependence of the size of the effect on the length of the facilitator and the differences between DNA and RNA of the same sequence still have to be clarified.
Thus our results suggest a facilitator effect on different steps of the ribozyme reaction and make clear that the activating potential of the facilitators is always dependent on the ribozyme stem sequence and the reaction conditions. In particular, the concentrations of the ribozyme and the substrate are critical. This fact is evident from the concentration-dependent effect of the 5′-end facilitators under single turnover conditions. These concentration and sequence dependencies have to be considered when the application of facilitators to activate a hammerhead ribozyme in vivo is intended. The switch in the rate limiting step from association rate to cleavage rate with the 3′-end facilitator under multiple turnover conditions sets an upper limit for facilitator-mediated activation. Because 3′-facilitators increase k 2 they seem to be more useful than 5′-end facilitators, in these examples, for activation of hammerhead ribozymes.
APPENDIX
The equation for the determination of K d* and k 2 can be derived under the condition that the cleavage reaction is first order with the equilibrium concentration of ribozyme-substrate complex. This assumption provides most accurate data at very short reaction times, as suggested by the good agreement with the experimental values (Fig. 3) .
A term for the equilibrium concentration of the ribozyme-substrate complex H 0 can be derived from the equation for the dissociation constant and yields, after rearrangement When equation 1 is inserted into equation 5 the resulting term can be used for non-linear regression. It is possible to use the time course of a single turnover reaction at constant ribozyme concentration. Better results were obtained when the amount of product formed at a constant time, which should be as short as possible, is estimated with increasing ribozyme concentration. The method can be applied to every ribozyme, if it is possible to choose the concentrations in a range where the equilibrium state yields incomplete complex formation. Term 5 tends to the normal equation for description of the first order rate constant k 2 when all the substrate is present in complex with the ribozyme.
K d* may be expected to be higher than the actual dissociation constant of the ribozyme-substrate complex, because preannealing occurs without Mg 2+ , which increases hybrid stability (29) . However, the rate of subsequent hybridization after the start of the reaction by Mg 2+ addition can obviously be neglegted, as suggested by the curves (Figs 2 and 3) . methodological help. Our work was supported by the Sächsisches Landesamt für Umweltschutz und Geologie.
